CONVERSION FACTORS AND VERTICAL DATUM

INTRODUCTION
The occurrence of agricultural pesticides in surface water is an important water-quality issue in eastern Kansas and other areas where crop production is a principal economic and land-use activity, and where public-water supplies are derived primarily from surface-water resources. The widespread use of pesticides, their relatively frequent detection in surface Introduction water, and their potentially harmful effects on wildlife and human health at relatively small concentrations have caused them to be considered as some of the most deleterious of the agricultural nonpoint-source contaminants.
Previous investigations of the occurrence and transport of agricultural pesticides have been concerned with small areas. Results of field-dissipation studies indicate that herbicide losses range from 1 to 4 percent and vary with tillage practice and field slope (Hall and others, 1972; Hall, 1974; Ritter and others, 1974; Triplett and others, 1978; Leonard and others, 1979; Rhode and others, 1981; Glotfelty and others, 1984) .These studies also indicate that most of the herbicides are transported from fields during runoff that occurs within several weeks after application (Wauchope, 1978; Glotfelty and others, 1984) . Clayey soil has been shown to be a contributing factor in herbicide transport (Frank and Sirons, 1979) , probably because runoff from this type of soil is greater than from sandy soil. However, little is known about the transport of agricultural pesticides from large drainage areas. Information about the occurrence of pesticides in large multipurpose surface-water bodies (rivers and lakes used for wildlife habitat, recreation, and public-water supplies) is needed to determine if the water quality is adequate for intended uses or if regulatory or remedial actions are needed.
The U.S. Geological Survey, in cooperation with the Kansas Department of Health and Environment, investigated the occurrence and transport of agricultural pesticides in the Tuttle Creek Lake-stream system in Kansas and Nebraska during 1986. The investigation described in this report provided the data and interpretation needed to: (1) Describe and explain the variation of pesticide concentrations observed in the lake-stream system; and (2) Describe and develop quantitative estimates of pesticide transport through the lake-stream system.
Purpose and Scope
This report describes and quantifies the occurrence and transport of agricultural pesticides in the Tuttle Creek Lake-stream system. Factors that affect the occurrence and transport of pesticides in surface-water systems are discussed, including environmental characteristics (climate, physiography, and geology) and pesticide properties (solubility, persistence, and quantities applied). Detection frequencies and concentrations for pesticide analyses of surface-water and bed-material samples, collected in the study area during 1969-86, are discussed in relation to human health and freshwater aquatic-life water-quality criteria. The occurrence of pesticides in the system is described with respect to state (dissolved or sorbed to suspended matter), date of application, and response to runoff from precipitation. Budgets of loads transported in the system and delivery ratios (quantity applied divided by load transported) for selected soluble herbicides are computed for subbasins and the system as a whole.
Study Area
The study area is delineated by the drainage basin boundary of the Big Blue River ( fig. 1 ). This 9,640-square-mile area is located in southeast Nebraska (7,200 square miles) and northeast Kansas (2,440 square miles). In addition to the Big Blue River, other major streams in the area include the Little Blue River and the Black Vermillion River.
Tuttle Creek Lake is located on the Big Blue River approximately 10 miles upstream from the confluence of the Big Blue and Kansas Rivers. The lake, which was constructed by the U.S. Army Corps of Engineers and began storing water in 1962, has a total capacity of 3,185,700 acre-feet, which consists of the following: sedimentation pool, 211,500 acre-feet; conservation pool, 177,100 acre-feet; flood-control pool, 1,937,000 acre-feet; and surcharge pool, 860,100 acre-feet. When Tuttle Creek Lake is filled to the elevation of the conservation pool (1,075 feet above sea level), the surface area is approximately 25 square miles, and when it is filled to the elevation of the flood-control pool (1,136 feet above sea level), the surface area is approximately 84 square miles. Although the lake was constructed primarily for flood control, it is used also to maintain streamflow in the Kansas River during low-flow periods and is a potential source of public-water supplies for northeast Kansas.
Data Collection and Analysis
Interpretations developed and presented in this report are based on previously collected data and data collected during this investigation. Previously sampled surface-water sites are shown in figure 1 and listed in Appendix A-l at the end of this report. Appendix A-l also presents a summary of available pesticide data, which were obtained from the U.S.
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The Occurrence and Transport of Agricultural Pesticides in the Tuttle Creek Lake-Stream System, Kansas and Nebraska Environmental Protection Agency's STORET data base. Surface-water sampling sites established for this investigation are shown in figure 2. Data collection began in April 1986 and continued until pesticides were no longer detected in December 1986. Tributary streams to Tuttle Creek Lake (Big Blue River at Marysville, site 11; Little Blue River near Barnes, site 12; Black Vermillion River near Frankfort, site 13; and Fancy Creek at Winkler, Kansas, site 14 in fig. 2 ) were sampled monthly and during runoff periods. Tuttle Creek Lake sites (sites 15-19 in fig. 2 ) and the lake outflow (Big Blue River near Manhattan, site 20 in fig. 2 ) were sampled monthly. All stream sites except Fancy Creek at Winkler (site 14), where daily stream-stage measurements were made by an observer, are U.S. Geological Survey streamflow-gaging stations.
Samples from streams were cross sectionally and depth integrated, and samples from Tuttle Creek Lake were collected primarily at depths of about 1.0 foot. Prior to sampling at lake sites, depth profiles of specific conductance, pH, water temperature, and dissolved oxygen were measured to determine if the lake was stratified. Although stratification was not observed in the lake, water samples occasionally were collected near the lake bottom.
Water samples from all sites were analyzed for total-recoverable pesticides. Additionally, dissolved pesticides were analyzed in filtered (0.2-micrometer silver filter) water samples from the Big Blue River at Marysville (site 11, fig. 2 ). All pesticide analyses were performed by the Kansas Department of Health and Environment in Topeka according to U.S. Environmental Protection Agency Method 608 (U.S. Environmental Protection Agency, 1984), using gas chromatography. Pesticide and related data for surface-water sites sampled during this investigation are presented in Appendix A-2 at the end of this report. These data are available from the U.S. Geological Survey Water Data Storage and Retrieval System (WATSTORE) and the U.S. Environmental Protection Agency Storage and Retrieval System (STORET) data bases.
HYDROLOGIC SETTING
The hydrology of the study area generally is determined by climatic, physiographic, and geologic characteristics. Although this investigation was
The Occurrence and Transport of Agricultural Pesticides in the Tuttle Creek Lake-Stream System, Kansas and Nebraska concerned with surface water, geologic characteristics that determine aquifer properties affect low flow and base flow of streams.
The Big Blue River Basin has a humid continental climate. During the summer, the weather is dominated by air masses from the Gulf of Mexico and, as a result, is hot and humid. Winter weather is dominated by cold dry air masses from Canada. Mean annual precipitation from 1951 through 1980 ranged from about 24 inches in the northwest part of the basin to about 32 inches in the southeast part (Stamer and others, 1987) . Most of the precipitation occurs as rain during the growing season, approximately May through September. Evapotranspiration rates are large during the growing season and can severely stress crops. During winter, evapotranspiration rates are minimal but so is precipitation. The study area is subject to extreme deviations from average climatic characteristics, and droughts or floods can occur during any season. The largest streamflows and precipitation generally occur in May and June, and the smallest generally occur in December and January. However, rapid rates of evapotranspiration decrease streamflows in July and August, and snowmelt in March causes larger streamflows than would be expected if precipitation were the only factor involved.
Plains with local relief less than 300 feet (Hammond, 1970) generally occur northwest of an imaginary line that dissects the area and runs through Beatrice, Nebraska, and the confluence of Mill Creek and the Little Blue River in Kansas ( fig. 1) . Southeast of the plains area, the land surface consists of open hills, with as much as 500 feet of local relief. The effects of greater surface relief on streamflow are illustrated by comparing flow-duration curves for the Little Blue River, which drains the plains area, and the Black Vermillion River, which drains the open-hills area ( fig. 3 ). These curves show daily mean streamflows in cubic feet per second per square mile that are equaled or exceeded an indicated percentage of time. Streamflow per square mile is greater in the Black Vermillion River than in the Little Blue River during the percentage of time that streamflow is provided by surface runoff (approximately 50 percent or less) because of greater surface relief and precipitation.
Part of the plains area, northwest of an imaginary line that dissects the area and runs through the confluence of Turkey Creek and the Big Blue River Figure 3 . Streamf low-duration curves for Little Blue River at Hollenberg and Black Vermillion River near Frankfort, Kansas, 1974-87. and the confluence of Big Sandy Creek and the Little Blue River in Nebraska ( fig. 1) , is underlain by the High Plains aquifer (Ellis and others, 1985) , which consists of thick unconsolidated gravel, sand, silt, and clay deposits of Cenozoic age. The remainder of the plains area is underlain by the Great Plains aquifer (Bevans and others, 1985) , which consists of the Dakota and Cheyenne Sandstones of Cretaceous age. To the southeast of the imaginary line, the open-hills area is underlain by shale and interbedded limestone of Permian age. The High Plains and Great Plains aquifers discharge substantial quantities of water to streams, whereas Permian rocks discharge very little water to streams. The effect of ground-water discharge on streamflow is illustrated also by comparing flow-duration curves for the Little Blue River, which drains part of the area underlain by the High Plains and Great Plains aquifers, and the Black Vermillion River, which drains part of the area underlain by rocks of Permian age ( fig. 3 ). Streamflow per square mile is greater in the Little Blue River than in the Black Vermillion River during that percentage of time when streamflow is provided by ground-water discharge (approximately 75 percent and greater). Climatic, physiographic, and geologic characteristics not only determine streamflow characteristics but also affect stream transport of agricultural nonpoint-source contaminants.
Hydrologic Setting
AGRICULTURAL PESTICIDES
Agricultural pesticides generally include all substances used for preventing, destroying, repelling, or mitigating the effects of insects, nematodes, fungi, weeds, or any other life forms considered as pests. Pesticides that have been analyzed for in surface-water samples from the Big Blue River Basin are listed in Appendices A-l and A-2 at the end of the report. Although other pesticides, in addition to those listed in Appendices A-l and A-2, are used in the study area, those listed are representative with respect to properties that determine their occurrence and transport in the hydrologic environment.
Properties and Health Criteria
The occurrence of pesticides in surface water depends primarily on their rate of use and properties that determine how they are transported in the hydrologic environment (solubility) and how long it takes for them to degrade (persistence). Information pertaining to the. chemical class, use, solubility, and persistence of agricultural pesticides detected in surface-water or bed-material samples from surface-water sites in the Big Blue River Basin is presented in table 1.
For the most part, chlorinated hydrocarbon insecticides are used infrequently because most of them (all of those listed in table 1) have been suspended, canceled, or restricted by the U.S. Environmental Protection Agency (1985) . They are the least-soluble pesticides, ranging from 3.1 micrograms per liter for DDT to 7,870 micrograms per liter for lindane, and the most persistent, ranging from about 3 years for 75 percent of dieldrin and lindane to degrade in the soil to about 5 years for chlordane. These pesticides rarely are detected in surface-water samples (table 2) , are transported by water in the suspended state, and tend to accumulate in sediment and biota. Chlordane, DDD, DDE, DDT, and dieldrin, have been detected in both bed-material samples from the Big Blue River Basin (table 2) and in fish-tissue samples of common carp and white bass from Tuttle Creek Lake (Kansas Department of Health and Environment, 1988) Organophosphate insecticides (table 1) are more soluble, ranging from 24,000 micrograms per liter for parathion to 40,000 micrograms per liter for Diazinon 1 , and much less persistent, ranging from 1 week for parathion to 13 weeks for Diazinon, than the chlorinated hydrocarbon insecticides. Organophosphate insecticides probably are transported largely in the dissolved state. However, they degrade rapidly and do not accumulate in sediment or biota. Diazinon was detected more frequently than parathion in surface-water samples (table 2) because it is more soluble and persistent.
Herbicides are relatively soluble, ranging from 70,000 micrograms per liter for atrazine to 1,200,000 micrograms per liter for metribuzin, and persistent, ranging from 1 to 4 weeks for 2,4-D to about 1 year for atrazine (table 1) . Alachlor, atrazine, metolachlor, and 2,4-D are used extensively, as they are the only pesticides in table 1 that rank in the top 10 by pounds of active ingredient applied in the lower Kansas River Basin, which includes the Big Blue River Basin (Bevans, 1991) . Because of their widespread use, large solubility, and persistence, some herbicides are detected frequently in water samples from the Big Blue River Basin (table 2) . Herbicides are transported by water primarily in the dissolved state and probably do not accumulate to any appreciable degree in sediment or biota (Smith and others, 1988) . Herbicides that were detected in water samples from the Big Blue River Basin were not detected in fish-tissue samples of common carp and white bass from Tuttle Creek Lake (Kansas Department of Health and Environment, 1988) .
Evaluations of water-quality criteria for human health and freshwater aquatic life with respect to detection frequency and maximum concentrations detected in water (table 2) indicate (1) detected concentrations of DDD, DDE, DDT, and dieldrin have equaled or exceeded human-health criteria but probably are not a health concern because of their infrequent detection and because most are no longer used; (2) Diazinon has been detected frequently, and concentrations have exceeded both human-health and freshwater aquatic-life criteria, but only 57 samples have been analyzed; and (3) concentrations of two of the most frequently detected herbicides (alachlor and atrazine) commonly exceeded human-health criteria. The previously collected available data (Appendix A-l at the end of this report) and the data collected during this investigation (Appendix A-2 at the end of this report) have some deficiencies in that several pesticides (trifluralin, carbofuran, cyanazine, parathion, phorate, ' The use of trade names in this report is for identification purposes only and does not constitute endorsement by the U.S. Geological Survey. 2, 4, 5, 6, 7, 8, 3, 3a, 4, 7, 1,1-Dichloro, 2,2-bis (p-chlorophenyl) ethane 1,1-Dichloro, 2,2-bis (p-chlorophenyl) ethylene 1,1,1-trichloro, 2,2-bis (p-chlorophenyl) ethane 1,2,3,4, 10, 10-hexachloro-6,7-epoxy-l,4,4a,5,6,7,8,8a-octahydro-endo, exo-l,4:5,8-dimethanonaphthalene Gamma isomer of 1,2,3,4,5,6-hexachlorocyclohexane (1985) . 4 Smith and others, 1988 . 5 Graham, 1985 . 6 Canter, 1986 . 7 Meister, 1984 . 8 National Academy of Sciences, 1977 . 9 Nilson and others, 1986 (732) 7 (740) 14 (57) 4(54) 53 (369) 29 (355) 112 (419) 282 (458) 137 (313) 55 (390) 20 (392) Bed material 1(28) 4(28) 4 (28) 5 (28) 3 (26) 1 (28) Sciences, 1977. and carbaryl), which rank in the top 10 herbicides or insecticides applied in the study area (Bevans, 1991), either have not been sampled for, or have not been detected in the few samples that have been collected.
Estimates of Herbicide Application
Estimates of 1986 herbicide (alachlor, atrazine, metolachlor, and metribuzin) application in the Big Blue River Basin are presented in table 3. Estimates for the drainage basins of the Big Blue River at Marysville (site 11, fig. 2 ), the Little Blue River near Barnes (site 12), the Black Vermillion River near Frankfort (site 13), and Fancy Creek at Winkler (site 14) were developed from information about crop acreages (Conservation Tillage Information Center, 1986a , 1986b , herbicide application rates (Johnson and Kamble, 1984; Harvest Farm Unit, 1986) , and active ingredients in herbicides (Kansas State Board of Agriculture, oral commun., 1983; Johnson and Kamble, 1984; Nilson and others, 1986) . Herbicide application for the ungaged local drainage area to Tuttle Creek Lake (shown on plate 1) was estimated by determining average application rates in tons per square mile for the Black Vermillion River near Frankfort and Fancy Creek at Winkler tributary basins and multiplying by the ungaged local drainage area (920 square miles). The average application rates for the Black Vermillion River and Fancy Creek were used because their drainage areas are fairly representative of the ungaged local drainage area. Estimates of applications for the Big Blue River near Manhattan were developed by summing the quantities applied in the four tributary basins and the estimates for the ungaged drainage area.
PESTICIDE OCCURRENCE
Water samples from surface-water sites in the Big Blue River Basin ( fig. 2) were analyzed for the pesticides listed in Appendix A-2 at the end of the report. Because of the previously discussed pesticide properties and application rates, the only pesticides detected were the soluble herbicides alachlor, atrazine, metolachlor, metribuzin, and propachlor. Propachlor was detected only in water samples from the Black Vermillion River and Fancy Creek, probably because it is the least used and least persistent of these herbicides (table 1) .
Although it is known that soluble herbicides are transported primarily in the dissolved state, both total-recoverable and dissolved analyses were conducted on water samples from the Big Blue River at Marysville, Kansas. A statistical summary of selected data (concurrent total-recoverable and dissolved values were used if either were detected) shows little difference between concentrations of total-recoverable and dissolved herbicides (table 4) . However, total-recoverable concentrations commonly are less than dissolved concentrations, which indicates that extraction efficiencies might be decreased by the presence of suspended sediment. Total-recoverable concentrations of herbicides detected at surface-water sites sampled during this investigation (Appendix A-2) are plotted on plate 1. Figures representing the four tributary streams and the lake outflow (plate 1) also show the daily mean streamflow. Examination of these graphs indicates that herbicide concentrations in tributary streams vary in response to 1 Only concurrently collected data pairs with herbicide detections were used in these comparisons.
time following application and hydrologic factors (surface runoff and drainage-basin characteristics).
The time dependence of herbicide concentrations can be seen in the relations shown on plate 1. The herbicides are applied for pre-emergent weed control in late winter or early spring. When sites were sampled initially in early April 1986, herbicides were not detected in water samples from the tributary streams or Tuttle Creek Lake. Atrazine (1.6 micrograms per liter) detected in a water sample from the Big Blue River near Manhattan, 2.5 miles downstream from the dam, was either a residual from 1985 application or could have come from a local source. Herbicides probably first entered tributary streams during the large runoff that occurred in late April and early May, as shown in the hydrographs on plate 1. Most herbicides were detected in May, concentrations peaked in June and July, and only atrazine was detected in water samples from tributary streams after July. Atrazine continued to be detected in water samples from at least one tributary stream (Black Vermillion River) until late October. Herbicides generally still were detected in water samples from Tuttle Creek Lake and the Big Blue River near Manhattan (plate 1) after concentrations decreased to less than detection levels in water samples from tributary streams. Water samples occasionally collected near the bottom at lake sites indicated that the lake was vertically mixed with respect to herbicides. Depth profiles of specific conductance, pH, water temperature, and dissolved oxygen collected at each site prior to sampling confirmed that the lake was vertically mixed.
All available data (Appendices A-l and A-2) for alachlor, atrazine, metolachlor, metribuzin, and propachlor were summarized statistically, and monthly box plots showing the 10th-, 25th-, 50th-(median), 75th-, and 90th-percentile values and values outside this range are presented in figures 4A-4E. Also shown are the U.S. Environmental Protection Agency health-advisory levels (see table 2) and Kansas Department of Health and Environment detection levels for each herbicide. These figures show the time dependency of herbicide concentrations in surface water, and that alachlor and atrazine concentrations frequently exceeded U.S. Environmental Protection Agency health-advisory levels.
The effect of runoff on instream concentrations of herbicides can be seen on plate 1. The graph of the Big Blue River at Marysville shows that concentrations of alachlor, atrazine, metolachlor, and metribuzin increased on June 5 in response to storm runoff. Increased concentrations also occurred in the Little Blue River at Barnes in response to storm runoff on July 1, in the Black Vermillion River near Frankfort on June 6 and 30, and in Fancy Creek at Winkler on June 5.
The Big and Little Blue River Basins have shallow aquifers that are recharged by precipitation and can contribute soluble herbicides to ground water. Occasionally, storm runoff can dilute instream concentrations of herbicides that are contributed by ground-water discharge. This phenomenon is illustrated on plate 1, which shows that storm runoff in early July probably caused the decreased atrazine concentrations in the Big Blue River at Marysville.
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Graphs of atrazine concentrations measured in water samples from surface-water sites during 1986 are shown in downstream order in figure 5. The Big Blue River at Marysville had the largest median (50th-percentile) concentration of atrazine. However, the Black Vermillion River and Fancy Creek had the largest concentrations at the 90th percentile. The median concentration of samples from Tuttle Creek Lake was smaller than the median concentration in the Big Blue River at Marysville because of the tributary inflow of smaller median concentrations, particularly from the Little Blue River, and possible degradation of atrazine within the lake. Tuttle Creek Lake's smaller variation in atrazine concentrations, represented by the interquartile range (75th minus 25th percentile), resulted from mixing of large-and small-concentration inflow water during the residence time of water in the lake. The larger median, 25th-, and 75th-percentile concentrations in samples from the Tuttle Creek Lake outflow near Manhattan, compared with concentrations in samples from the lake, resulted not from physical or chemical causes but only from the larger proportion of outflow samples collected in June and July, when concentrations were larger than median, and from a smaller proportion collected in October and December, when concentrations were less than median.
HERBICIDE TRANSPORT
The soluble herbicides detected in samples from surface-water sites in the Big Blue River Basin occurred and were transported primarily in the dissolved state. Calculation of herbicide loads transported in the basin will provide for determination of the herbicide budget, which will give needed insight as to the sources of the herbicides delivered to Tuttle Creek Lake and help to identify causal factors.
Herbicide Budget For Tuttle Creek Lake-Stream System
Censored data (those values reported as less than the detection level) were not used in the procedures for estimating herbicide loads in this report. Most of the censored data were reported for analyses of water samples collected prior to the application of herbicides or after most of the herbicides had been transported from the basins. Herbicide loads were estimated for the general time period during which the herbicides were detected, as shown on plate 1.
Instantaneous loads of herbicides for tributary streams, in tons per day, were computed by multiplying the measured concentration, in micrograms per liter, by the instantaneous streamflow, in cubic feet per second, and by the factor 0.0000027. However, to develop a load budget, it is necessary to estimate loads for those days when water-quality samples for herbicide analysis were not collected. The preferred method for estimating daily loads is to develop a relation between the constituent concentration and one or more known independent variables, such as streamflow.
Results of a correlation analysis showed that relations among herbicide concentrations and the independent variables streamflow, cumulative streamflow after herbicide application, and tons of herbicide applied were not significant (/?>0.05) for individual tributary stream sites. Because of the few data available for each site, the independent variables were normalized by dividing each by the drainage area, in square miles. Also, data from all tributary stream sites were aggregated for correlation analysis. Results of the correlation analysis showed that herbicide concentrations were not significantly correlated with any of the independent variables. Therefore, daily herbicide concentrations could not be estimated from relations with known independent variables. It is acceptable to use relations between instantaneous loads of herbicides and instantaneous streamflow to estimate loads of herbicides for days when samples were not collected, although load is a function of streamflow. The dependent (herbicide load) and independent (streamflow) variables were normalized by dividing all values by drainage area, in square miles. The results of a Kruskal-Wallis test (Hollander and Wolfe, 1973) indicated that the normalized dependent and independent variables did not vary among tributary streams sites (/?>0.05), thereby justifying the aggregation of data. The nonparametric Kruskal-Wallis test performs a one-way analysis of variance on rank sums. Although the normalized variables did not vary significantly among tributary stream sites, it was hypothesized that they would vary with time due to seasonal climate differences (especially precipitation) and because the soluble herbicides are applied only in early spring as pre-emergent weed control. The results of a Kruskal-Wallis test confirmed (/?<0.05) that the normalized variables were significantly different for the time periods May, June, July, and August-October. A Kruskal-Wallis test then was applied to determine if there were differences among tributary stream sites within each period. Results of this test (p>0.05) indicated that the normalized variables did not vary significantly among sites within each time period. Therefore, it was determined that it is appropriate to attempt to develop relations between aggregated herbicide loads, in tons per day per square mile, and streamflow, in cubic feet per second per square mile, for each time period.
Analysis of covariance (ANCOVA) is a technique frequently used to develop statistical models involving both numeric and class variables. Because time period was being used as a class variable in the proposed models (that is, because data for each time period were being grouped), ANCOVA was an appropriate choice for analysis. A model for each of the four time periods (May, June, July, and August-October) was developed to estimate herbicide loads, in tons per day per square mile, from streamflow, in cubic feet per second per square mile. Although these models were highly significant (p<0.0001) and explained most of the variability in herbicide loads, they projected negative loads at low rates of streamflow, a physical impossibility. To avoid this, the data were converted to natural logarithms, and analysis of covariance was used to develop new models. A consequence of log transformations is that the distribution of the dependent variable, conditional on the independent variable, is log normal instead of normal and the mean is not equal to the median (Helsel and Hirsch, 1992) .
The mean loads of herbicides at tributary stream sites can be estimated by computing the mean load for short time periods using equations derived by regression analysis and summing the short-term loads for the period of interest. However, simply transforming estimates from a log-log regression equation to the original load units (tons per day per square mile) provides an estimate of the median, not the mean (Helsel and Hirsch, 1992) . The median of such a transformed variable is biased low when used as an estimate of the mean because the dependent variable has a definite limit on the smallest value but no limit or a very high limit on the largest value. A nonparametric smearing estimate (Helsel and Hirsch, 1992) can be used to correct for this bias if the relation between the dependent and independent variables is homoscedastic and residuals of the dependent variable are not related to the independent variable. The residuals from the log-log regression equation are exponentiated (converted from logarithms to arithmetic values), and their mean is computed. This mean is the bias-correction factor by which the values (medians) of herbicides loads projected by the log-log regression equation are multiplied. Plots of logarithms of herbicide loads against logarithms of streamflow indicated that the requirement of homoscedasticity was met by the data, and plots of logarithms of residual herbicide loads against logarithms of streamflow indicated they were not related. Therefore, time-period equations and bias-correction factors were developed to estimate daily herbicide loads per square mile from daily mean streamflow in cubic feet per square mile. These time-period equations (in exponential form) and their bias-correction factors, standard errors of estimate, and R2 values are given in table 5. These equations were highly significant (/?<0.0001) and explained most of the variation in herbicide loads (R2 ranged from 0.83 for alachlor and metolachlor to 0.90 for atrazine).
Herbicides were not detected in tributary streams in early April when water samples were first collected but were detected in mid-May when water samples were collected for the second time. These herbicides are applied as pre-emergent weed control in the late winter and early spring and probably were being applied during the relatively dry period that occurred in April, as evidence by the lack of runoff shown on plate 1 hydrographs. Herbicides probably entered tributary streams during the runoff that occurred in late April and early May; they were detected in Tuttle Creek Lake in early May. Therefore, the regression models were used to compute daily herbicide loads beginning on April 27 for the Little Blue River near Barnes and the Big Blue River at Marysville, on May 7 for the Black Vermillion River near Frankfort, and on May 9 for Fancy Creek at Winkler.
Alachlor, metolachlor, and metribuzin were not detected in tributary streams after July; loads of these herbicides were computed through July 30. Atrazine was detected in October, and atrazine loads were computed through October 31. Herbicide loads computed using the equations in table 5 are expressed in tons per day per square mile. Daily loads computed by using these equations must be multiplied by the indicated bias-correction factor, summed, and multiplied by drainage area to compute total load in tons.
Herbicide loads transported by the Big Blue River near Manhattan (downstream from the outfall of Tuttle Creek Lake) were estimated by a different method. Concentrations of herbicides in the lake outfall are not subject to the short-term variations caused by runoff that occurs in the tributary streams (see plate 1) but form smooth distribution curves from their first detections in early May and June until they were no longer detected in August and September.
Herbicide concentrations measured in the sample collected on June 18 were not considered in drawing the concentration curves on plate 1. Water was not being released from Tuttle Creek Lake when the sample was collected. Streamflow in the Big Blue River near Manhattan (36 cubic feet per second) was probably due to the release of water from bank storage and/or discharge of local ground or surface water, and the herbicide concentrations are not representative of lake outflow. Herbicides first entered Tuttle Creek Lake in late April and early May as a result of the runoff shown in stream hydrographs on plate 1; herbicides were detected in Tuttle Creek Lake in early May. In response to increased inflows to Tuttle Creek Lake that occurred as a result of the late April and early May runoff, outflow from the lake was increased on May 3. This date was selected as the beginning for the occurrence of herbicides in the lake outflow, and herbicide concentrations were set at one order of magnitude less than their detection levels. After herbicides were no longer detected in the lake outfall, August for alachlor and metribuzin and September for atrazine and metolachlor, the curves were extrapolated through time to concentrations that were one order of magnitude less than the detection levels. Concentration curves were used to estimate daily lake-outfall concentrations for alachlor (May 3-October 4), atrazine (May 3-November 30), metolachlor (May 3-November 5), and metribuzin (May 3-September 10). These concentrations, in micrograms per liter, were multiplied by daily mean streamflow for the Big Blue River near Manhattan, in cubic feet per second, and by the factor 0.0000027 to compute daily loads in tons.
Daily loads were summed to estimate herbicide transport from the Big Blue Basin.
Estimated loads of alachlor, atrazine, metolachlor, and metribuzin transported into Tuttle Creek Lake by the Big Blue River, Little Blue River, Black Vermillion River, and Fancy Creek, and estimated loads transported from Tuttle Creek Lake in the Big Blue River near Manhattan, Kansas, are presented in table 6. Loads computed for Fancy Creek at Winkler probably are least accurate because of the great variability in concentrations and a relatively poor streamflow record (based on daily stream-stage measurements by a local observer).
The basin yielded 1.2 tons of alachlor, 19 tons of atrazine, 2.2 tons of metolachlor, and 0.40 ton of metribuzin during May-October 1986, based on load computed for the Big Blue River near Manhattan, Kansas. The Big Blue River transported the largest loads of herbicides into Tuttle Creek Lake, nearly twice as much as the other three tributary streams combined. The computations indicated much more atrazine load was transported from the Tuttle Creek Lake than transported into the lake by the four tributary streams sampled. Differences in loads transported into and out of the lake probably are due to .56 (2.8)
18(2.4)
. a combination of the following factors: (1) uncertainties in load computations (as indicated by standard error of estimates presented in table 5), (2) herbicides transported from 920 square miles of ungaged and unsampled contributing drainage area adjacent to the lake, and (3) degradation processes occurring during transport and storage in the lake.
Herbicide Delivery Ratios
Herbicide delivery ratios are equivalent to the amount of the herbicide transported by streamflow divided by the amount of the herbicide applied to the drainage area, expressed as a percentage. Herbicide delivery ratios for the Big Blue River near Manhattan (table 6) range from 0.23 percent for alachlor to 2.7 percent for metolachlor. Delivery ratios for soluble herbicides have been shown to increase with increasing basin slope (Wauchope, 1978) . This phenomenon is observed in the delivery ratios presented in table 6. Basin slopes are relatively flat for the Big Blue River at Marysville and the Little Blue River near Barnes, which drain large plains areas in Nebraska, but are increasingly steep for the Black Vermillion River near Frankfort and Fancy Creek at Winkler, which drain smaller hilly areas in Kansas. Atrazine delivery ratios generally increase as basin slope increases, from 0.96 percent for the Little Blue River near Barnes and 2.0 percent for the Big Blue River at Marysville, to 3.3 percent for the Black Vermillion River near Frankfort, and 15 percent for Fancy Creek at Winkler. Delivery ratios for alachlor, metolachlor, and metribuzin increase similarly. A previous investigation determined that there was an inverse relation between the concentration of a herbicide measured in runoff and its solubility (Wauchope, 1978) . Although results of this study were not entirely consistent with an inverse relation, one item of consistency was that atrazine, the least soluble of these herbicides, had the largest or second largest delivery ratio at each site.
SUMMARY
Available pesticide analyses for surface-water samples from the U.S. Environmental Protection Agency's STORET data base were used in conjunction with analyses of samples collected during this investigation (April-December 1986) to describe the occurrence and transport of agricultural pesticides in surface water of the Tuttle Creek Lake-stream system, Kansas and Nebraska.
Climate, physiography, and geology of the Big Blue River Basin not only determine the hydrology of the area but also are important factors affecting the occurrence and transport of pesticides. The Big and Little Blue Rivers drain plains areas in Nebraska where annual precipitation is about 24 inches. The plains areas have sandy soils and are underlain by thick deposits of clay, silt, sand, and gravel that form the High Plains aquifer and consolidated sandstone that forms the Great Plains aquifer. The Black Vermillion River, Fancy Creek, and local tributaries to Tuttle Creek Lake drain hilly areas with clay soils that are underlain by Permian shale and where annual precipitation exceeds 30 inches. Consequently, runoff per square mile is much greater during low flow in the Big and Little Blue Rivers because of ground-water discharge from the High Plains and Great Plains aquifers, but runoff is much greater during high flow in the Black Vermillion River, Fancy Creek, and local tributaries to Tuttle Creek Lake because of greater precipitation, greater basin slope, clay soil, and shale bedrock (which inhibits infiltration).
The principal factors affecting the occurrence of pesticides in surface water are usage and pesticide characteristics (principally solubility). Chlorinated hydrocarbon insecticides (chlordane, DDD, DDT, dieldrin, and lindane) have been detected in water and bed-material samples from surface-water sites in the Big Blue River Basin but not during this investigation. The use of these insecticides has been suspended, canceled, or restricted by the U.S. Environmental Protection Agency; they are relatively insoluble, occur in and are transported by water in the suspended state, and tend to accumulate in sediment and aquatic biota. Organophosphate insecticides (Diazinon and parathion) have been detected in the basin but were not analyzed for during this investigation. Diazinon and parathion are used infrequently for agricultural application in the basin but are relatively soluble, can be transported both in the dissolved and suspended states, and generally do not accumulate in sediment or biota. Herbicides (alachlor, atrazine, metolachlor, metribuzin, propachlor, 2,4-D, and 2,4,5-T) have been detected relatively frequently in the basin. The chlorophenoxy acid herbicides (2,4-D and 2,4,5-T) were not analyzed for during this investigation. However, the herbicides alachlor, atrazine, and metolachlor, which were detected frequently during this investigation, are in the top 10 of pesticides applied in the study area, are very soluble, occur and are transported in the dissolved state, and do not accumulate in sediment or biota.
Soluble herbicides were not detected in water samples collected during April (prior to their application), reached peak concentrations in June and July (soon after application), and only atrazine was detected in water samples from tributary streams after July. Atrazine continued to be detected in water samples from the Black Vermillion River until late October. Herbicides generally still were detected in water samples from Tuttle Creek Lake and the Big Blue River near Manhattan (downstream from Tuttle Creek Lake) after they reached less than detection levels in water samples from tributary streams. Median concentrations of alachlor in surface-water samples The occurrence of herbicides in Tuttle Creek Lake through time is similar to their occurrence in streams, except there is a slight time lag and the variation in concentrations is much less. During 1986, herbicides entered the upper reaches of the lake soon after application in late spring and early summer, moved though the lake, and were no longer detected in the lake outflow by late October. The lake was well mixed vertically with respect to herbicides.
Herbicide application in the Big Blue River Basin during 1986 was estimated for alachlor (530 tons), atrazine (850 tons), metolachlor (81 tons), and metribuzin (56 tons). Herbicide transport during May-October 1986 from the Big Blue River Basin was determined for alachlor (1.2 tons), atrazine (19 tons), metolachlor (2.2 tons), and metribuzin (0.40 ton). Atrazine delivery ratios (tons transported divided by tons applied times 100) for tributary streams were 2.0 percent for the Big Blue River at Marysville, 0.96 percent for the Little Blue River near Barnes, 3.3 percent for the Black Vermillion River near Frankfort, and 15 percent for Fancy Creek at Winkler. These delivery ratios increased in response to increasing surface runoff (due to increasing precipitation and basin slope, impermeable clay soils and shale bedrock) in the Black Vermillion and Fancy Creek drainage basins. Delivery ratios for other herbicides increased in a similar manner. Delivery ratios for the Big Blue River at Manhattan were alachlor, 0.23 percent; atrazine, 2.2 percent; metolachlor, 2.7 percent; and, metribuzin, 0.71 percent. The Big Blue River at Marysville transported the largest load of atrazine observed for any tributary stream (10 tons). 1969 -73 KDHE3 1973 Little Blue River at Hollenberg, Kans.
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